Abstract
Introduction

28
Global primary energy demand is expected to increase by 48% by 2040 due to the rapid 29 growth of population, urbanization and economic activity [1] . The majority of energy 30 supply is currently reliant on conventional energy resources such as coal (21%), 31 petroleum (28%) and natural gas (32%) [2] , which have negative environmental impacts 32 i.e. greenhouse gas (CO2) emissions, air pollution (SOx, NOx, particulates and toxic 33 metals and other impurities) and land contamination [3] . Although, alternative energy 34 sources (e.g. solar, hydro power, biomass, wind, geothermal and nuclear power) have 35 been sought to reduce the dependency upon fossil fuels and reduce the environmental 36 impact, the versatility of biomass makes it most attractive as it can be used to produce not 37 only heat and electricity but also, chemicals and fuels for the transportation sector [4] 38 ( Figure 1 ). Biomass used for energy production is mostly from wood and waste wood 39 (41%), followed by agriculture residues (24%), municipal solid waste (20%) with a small 40 portion of energy crops (15%) [5] . 41 components in the syngas product is strongly influenced by the type of gasifier and its 48 operating conditions such as choice of gasifying agent (O2, CO2, air or steam), 49 equivalence ratio of gasifying agent to feedstock and properties of the feedstock. Fixed-50 bed gasifiers are the most common technology for small and medium scale biomass 51 gasification due to their simplicity and low investment costs compared to fluidized bed 52 and entrained flow gasifiers [8] [9] [10] . A downdraft gasifier is preferable in this study 53 because it is known to produce high quality syngas, with low tar content (0.015-3 g/Nm 3 ) 54 in the gas stream compared to that in an updraft gasifier (30-150 g/Nm 3 ) [11] . Tar is a 55 complex mixture of condensable organic compounds from the products of gasification 56 containing primarily aromatic hydrocarbons [12] [13] [14] . The tar content influences 57 performance of the gasification system, the quality of the product gas and creates the macroscopic characteristics of a given system with low computational time. As this 87 study mainly focused on the gas phase for syngas production from a throat downdraft 88 gasifier instead of characterising the particles inside the gasifier, the modified Eulerian-
89
Eulerian approach was chosen. The modelling was then validated using experimental 90 data available in literature. 
95
The height of pyrolysis, oxidation and reduction zones were estimated at 15 cm, 10 cm To simplify the simulation of a throat downdraft gasifier, the following assumptions were 123 made:
124
• Atmospheric pressure.
125
• The gasifier was operated under steady state conditions.
126
• No heat loss through the vessel wall.
127
• No-slip boundary condition at the wall of the gasifier. The wall was assumed to 128 be insulated and the heat flux at the wall was neglected.
129
• The wood feed rate was 1 kghr -1 at a temperature of 400 K with the moisture 130 content less than 10 %wt. The drying zone was not included in the gasifier 131 8 configuration but it was assumed that the feedstock would achieve moisture 132 content <10 %wt when it reached the pyrolysis zone.
133
• The gasifying agent (air) was introduced through nozzles at 350 K
134
• can be written in the following form:
where is the static pressure, ⃗ and ⃗ are the gravitational body force and external body 144 force respectively. The stress tensor in Equation 2.1 is defined by:
where I is the unity matrix and ⃗ is the transpose of ⃗ 147
The mass conservation equation
148
The general form of the mass conservation equation, known as the continuity equation is 149 written as follows:
where is the mass added to the continuous phase from the dispersed second phase. 9
The energy conservation equation 153
The energy conservation is based on the first law of thermodynamics, the internal energy 154 gained by a system must be equal to the heat absorbed by the system minus work done 155 by the system. It can be written in the general form as follows:
where is the effective thermal conductivity (k + kt, where kt is the turbulent thermal 
where the enthalpy is defined as:
with being the mass fraction of species j and 
Transport equation for standard k-epsilon
170
The standard k-ε model is one of the most used turbulence models in Computational Fluid
171
Dynamics due to its robustness and reasonable accuracy for a wide range of flows. The equations for turbulent kinetic energy and its dissipation rate are defined as follow:
where and ε are the source terms for k and ε respectively and is the term for the 179 production of turbulent kinetic energy due to the mean velocity gradient and the Reynolds 180 stress is defined as:
represents the generation of turbulent kinetic energy that arises due to buoyancy and are considered with their kinetic reaction rate parameters that were used in the model 218 listed in Table 1 .
The reduction zone 223
In this zone the remaining residues and gaseous products from the pyrolysis and oxidation 224 zones are converted into non-condensable gases (H2, CO, CO2, CH4) in a temperature 225 range of 973-1273 K including both heterogeneous and homogeneous reactions [7, 8] .
226
Five reactions are considered in the reduction zone as follows and the kinetic reaction rate 227 parameters used in the model are listed in Table 1 .
Boundary conditions and solution methods
234
It was assumed that waste wood was fed from the top of the gasifier at a constant rate of Table 1 . formation in the gas stream to achieve high quality of syngas production. The main syngas 270 composition generated under the various designs at a fixed position of the air inlet nozzles 271 at 10 cm above the throat is illustrated in Table 2 . As shown in Table 2 , the throat diameter had a considerable effect on the H2/CO ratio and concentration in the gas stream. The gas concentrations obtained from this study (Table   290 2) were slightly higher than other modelling studies [21, 24, 32, 51-53]. Previous 291 modelling studied showed that the syngas composition generated from the throat 292 downdraft gasifier are in the range of 13-25%mol H2, 18-38%mol CO, 8-11%mol CO2
245
293
and 1-3%mol of CH4. The differences were due to the assumptions, kinetic parameters,
294
properties of feedstock and/or gasifier design.
295
Comparing to experimental data of a small scale throat downdraft gasifier [21, 29, 54, 55]
296
(the designs and operating parameters were shown in Table 3 ), the trends of syngas 297 composition and temperature profile was similar. As shown in Figure 5 , the ratio of and the composition of biomass feedstock were used and (iv) no heat loss in the system 311 was assumed, resulting in an increased proportion of components in the syngas product. -1000 K with all tested throat to gasifier diameter ratios. Syngas (H2 and CO) was 338 produced in this region via the reactions R-4-8.
312
339
The trend of modelling temperature distribution in three different zones (pyrolysis, Table 4 . It can be observed that the air inlet position had a significant effect on the concentration 
